Abstract -This paper assesses the metabolic effort exerted by three transfemoral amputees, when using a powered knee and ankle prosthesis for stair ascent, relative to ascending stairs with passive knee and ankle prostheses. The paper describes a controller that provides step-over stair ascent behavior reflective of healthy stair ascent biomechanics, and describes its implementation in a powered prosthesis prototype. Stair ascent experiments were performed with three unilateral transfemoral amputee subjects, comparing the oxygen consumption required to ascend stairs using the powered prosthesis (with a stepover gait), relative to using their daily-use energetically passive prostheses (with a step-to gait). Results indicate on average a 24% reduction in oxygen consumption and a 30% reduction in stair ascent time when using the powered prosthesis, relative to when using the passive prostheses. All subjects expressed a strong preference for ascending stairs using the powered prosthesis.
I. INTRODUCTION

C
ONVENTIONAL transfemoral prostheses are comprised of energetically passive knee and ankle joints (for example, a leaf spring foot-ankle combination and a damper at the knee). The inability to provide joint power, particularly extensive knee torque in the early stance phase of stair ascent and plantarflexive ankle torque in late stance, limits an amputee's ability to ascend stairs using a step-over gait, as healthy individuals do. Rather, transfemoral amputees typically employ a step-to stair ascent gait, which presumably entails greater energy expenditure and slower ascent relative to a stepover gait.
Over the past decade, researchers have been developing powered lower limb prostheses with the goal of advancing functionality beyond the limits of energetically passive prostheses. These research efforts can be grossly categorized as those directed at either powered ankle systems for individuals with transtibial amputation (e.g., [1] - [14] ), or powered knee or knee/ankle systems for transfemoral amputees (e.g., [15] - [29] ). A relatively small subset of this work has targeted stair ascent. Control methods for and/or biomechanical assessment of stair ascent for powered transtibial prostheses have been reported in [30] - [32] , while those for powered transfemoral prostheses have been reported in [21] - [23] , [29] , and [33] .
To the authors' knowledge, no prior work has been reported comparing the metabolic workload of stair ascent when using powered versus passive knee and ankle prostheses. Specifically, the previously-cited works [21] - [23] , [29] , [33] all describe control methods for stair ascent (and descent), and also demonstrate "step-over" biomechanics that are representative of the joint kinematics and kinetics exhibited during healthy gait. It is reasonable to hypothesize that a powered prosthesis that provides step-over gait via power generation at the knee and ankle joints would lower the metabolic effort required to ascend stairs, relative to an energetically passive prosthesis. Despite the hypothesis, a powered prosthesis is also typically heavier than a passive one, and thus entails increased mechanical work to lift it up each successive step. Furthermore, if the power generation of the prosthesis is not well-coordinated with the movement of the individual using it, the power delivered by the device may not reduce metabolic effort. As such, the intent of this paper is to assess the relative metabolic effort entailed in ascending stairs with a powered knee and ankle transfemoral prosthesis, relative to ascending stairs with an energetically-passive one. Since the results depend highly on the controller, which differs from a previously-published version [21] , the control method is also described. The experimental protocol follows, and experimental results are presented comparing metabolic effort during stair ascent while using both powered and passive prostheses.
II. POWERED PROSTHESIS AND CONTROLLER
A. Stair Ascent Controller
The authors have in some previous works employed a prosthesis control methodology based on a piecewise-passive impedance approach, which consisted of a finite-state-based control structure where each state was comprised of a passive impedance function (see, for example, [15] , [16] , [21] ). That approach provided theoretically useful passivity properties, but required a large number of control parameters to implement. In order to substantially decrease the number of controller parameters, the authors more recently employed a control framework that replaces selected states in the state machine with time-bounded, trajectory-controlled states (see, for example, [33] - [35] ). The stair ascent controller employed in the experiments described here is shown in Fig. 1 ones (Active Stance and Pushoff/Swing) are active, trajectorycontrolled states that deliver power and effectively transition the configuration of the prosthesis between the two passive impedance-based states. Specifically, the Active Stance state corresponds to the knee extension in stance that lifts the user up the staircase, while the Pushoff/Swing state provides powered push-off at the ankle just prior to swing phase, and active dorsiflexion of the ankle and flexion of the knee during swing phase. Two triggers (i.e., user-provided conditions) are required to move the prosthesis through the stair ascent cycle. Starting in the (passive) Foot Strike state (0), when the user loads the prosthesis shank and imposes a small amount of ankle dorsiflexion, the prosthesis enters the Active Stance state (1), which employs trajectory control to extend the knee to raise the amputee over the stair. Once the joint trajectories have finished, the prosthesis enters the Passive Stance state (2), and remains here (under load) while the amputee swings his sound leg onto the next stair. Upon shifting weight to the sound leg (unloading the prosthesis), the controller transitions to the Pushoff/Swing state (3). In this stepping motion, the knee and ankle trajectories are based on those from healthy stair ascent data [36] , approximated by cubic spline interpolation. The ankle plantarflexes to propel the amputee upwards, and then both the knee and ankle joints flex as the amputee swings the prosthesis forward to land on the stair ahead. Completion of these trajectories transitions the prosthesis into the Foot Strike state (0), and the cycle continues.
Note that the nature of the passive impedance states and the active trajectory states are of the same form described in [35] , including the use of a torque pulse at the ankle during push-off. Finally, because the testing protocol (subsequently described) required the subjects to walk across a level floor and descend stairs in addition to ascending, the powered prosthesis also used level walking and stair descent controllers previously described by Lawson et al. in [35] and [21] , respectively. The conditions used to transition between the walking, stair ascent, and stair descent activity controllers are listed qualitatively in Table I . Note that all 
B. Hardware
The controllers were implemented on the Vanderbilt powered knee and ankle prosthesis prototype, which has been previously described in [35] . A photograph of the prototype worn by one of the subjects is shown in Fig. 2 . Its salient features are as follows. The knee joint is driven by a Maxon EC 30 4-pole 200 W brushless DC motor through a 176:1 transmission ratio, which provides a maximum knee torque of 85 N·m through a range of motion of 5 deg hyperextension to 115 deg maximum flexion. The ankle joint is driven by an EC 60 flat 100 W brushless DC motor through a 115:1 transmission ratio, which provides up to 110 N·m of torque through a range of motion of 45 deg plantarflexion to 25 deg dorsiflexion. A carbon fiber foot with a parallel spring of approximate stiffness 4 N·m/deg engaged only in dorsiflexion provides supplemental ankle torque. Sensing includes angular position and velocity at each joint, a 6-axis IMU on the shank, and a load cell that measures axial shank force. An on-board embedded system includes a microcontroller and a pair of brushless servo-amplifiers, which operate the main control loop at a sampling frequency of 500 Hz. The prosthesis was powered by a 24 V, 125 W-hr Li-ion battery pack. The device weighs about 5 kg when configured for a 50th percentile male.
III. EXPERIMENTAL METHODS
A. Measuring Metabolic Effort in Stair Ascent
The authors performed an assessment with three unilateral transfemoral amputee subjects that compared the metabolic effort required to ascend stairs with the powered prosthesis versus each subject's daily-use passive prosthesis. Though a few metabolic studies [37] - [41] have assessed transfemoral amputees, all involved subjects walking with passive prostheses on a treadmill or over level ground at steady-state. Only one [41] included the transient portion of metabolic energy expenditure in the analysis. Although some studies have measured metabolic effort associated with stair ascent in healthy individuals [42] - [44] , no clear precedent has been set in the literature for metabolic effort assessment of stair ascent for either transfemoral amputees or transient activity. Because methods for portable metabolic measurement are based on respiratory gas exchange, methods of correlating respiratory gas exchange with metabolic energy assume steady-state, predominantly aerobic activity (see, for example [45] ). In the case of metabolic measurement during level walking, experimental protocol typically involves an approximately 5-minute period intended to achieve an aerobic steady-state, followed by an approximately 5-minute period of measurement. A similar model for stair ascent, however, is both difficult to achieve (due to the number of stairs that would be required) and also not particularly representative of the manner in which people, and amputees in particular, ascend stairs (i.e., one would not expect to ascend more than two or three flights of stairs at any given time). Although some recent studies have investigated metabolic measurement in non-steady-state conditions, those studies focused on level walking, and also incorporate a model that is most accurately parameterized by conducting trials in which a steady-state is achieved [46] , [47] .
Rather than attempt to achieve an aerobic steady-state, this assessment employed a protocol in which respiratory gas exchange rates were measured while subjects ascended three flights of stairs in each trial. Based on these respiratory rates, subjects in general did not reach an aerobic steady-state. Therefore, instead of correlating these rates with metabolic work, the authors compare results of total oxygen consumption during the stair ascent task. Although the measurements do not capture the anaerobic component of metabolic energy expended during the activity, they do provide a comparison of the relative amounts of aerobic energy used to ascend stairs with the powered and passive prostheses, respectively. 
B. Assessment Protocol
The testing protocol was as follows. Each subject was tested in four sessions. Each session consisted of two trials: one with the powered prosthesis, and one with his daily-use passive prosthesis. The order of powered versus passive prosthesis trials was alternated in each successive session. Each trial proceeded as follows. The subject donned one of the prostheses and the respiratory gas exchange rate measurement apparatus. Following a brief metabolic apparatus calibration interval, the subject rested in a seated position for 3 minutes. After the rest period, the subject stood, walked to the stairwell (a distance of approximately 17 m), and ascended three flights of stairs totaling 79 steps. At the top, the subject turned and descended the stairs, returned to his seat, and rested for 3 minutes to end the trial. Times were recorded at each activity transition. After an additional 15-20 minute rest period, the trial was repeated with the other prosthesis.
Subjects were not given any specific instructions regarding handrail use. When ascending with the powered prosthesis, subjects ascended with a step-over gait, as per the training. Although different methods are available for passive prosthesis stair ascent, the two most commonly-employed methods are a single-stair step-to gait and double-stair step-to gait. The latter generally requires a greater degree of athleticism and is facilitated by a longer residual limb. Since one of the three subjects was not capable of or comfortable with a double-stair step-to gait, for purposes of assessment uniformity (i.e., to avoid confounding the results with multiple stair ascent methods), all subjects were instructed to ascend with a singlestair step-to gait. Limitations of the assessment in this regard are discussed in the Discussion section of this paper.
The respiratory exchange rates of oxygen and carbon dioxide were measured using a COSMED K4b 2 system. The wearable apparatus, shown in Fig. 2 , consists of a vest with the testing unit and a battery, as well as a breath mask with a turbine and a sample line. The apparatus records the subject's ventilation rates approximately every 2-15 seconds. Data was stored on the testing apparatus during the trials and was downloaded to a computer afterwards. Note that all dailyuse prostheses consisted of variable damping knees and nonarticulated carbon-fiber ankle/foot units. All test subjects were active males in their mid-forties. Table II provides some details describing each subject and his daily-use passive prosthesis. This assessment was approved by the Vanderbilt University IRB, and subjects provided informed consent prior to testing.
C. Powered Prosthesis Training
All subjects underwent a training period with the powered prosthesis prototype prior to the metabolic measurement trials in order to: 1) acclimate to the powered prosthesis and stair ascent controller; 2) allow tuning of the controller parameters to suit each subject; and 3) to allow the subject to achieve a level of proficiency in stair ascent with the powered prosthesis roughly commensurate with their level of proficiency with their respective passive prostheses.
During this training period, controller parameters were adjusted until the knee and ankle joint kinematics and kinetics (angle, torque, and power) were representative of those exhibited by healthy subjects during stair ascent (see [36] ). Because passive prostheses do not provide power at the knee joint, none of the subjects were accustomed to ascending stairs in a step-over manner, and thus had to relearn this motion. Subjects initially had some difficulty coordinating between limbs and overall movement, and trusting the prosthesis with their weight. As the amputees acclimated, they climbed faster, weighted the prosthesis more heavily, and relied less on the handrail. As the subjects' proficiency increased, joint trajectory times were adjusted to enable a comfortable rate of ascent, as were the equilibrium positions and the state transition load thresholds. The authors note that if the controller had not been well adjusted to the individual subject, and if the subject had not been accustomed to the prosthesis, the system would have been less likely to function in a well-coordinated manner, and therefore less likely to offer metabolic benefit. Regarding controller parameters, the final joint impedance parameters were in general similar across subjects, while load thresholds varied between subjects. The preferred swing-phase trajectory also varied between subjects to some degree, as the shorter subjects preferred increased knee and ankle flexion in order to achieve foot clearance for stairs of a fixed height.
During the course of this training, each subject climbed approximately 6,000-12,000 stairs over many sessions in order to achieve proficiency with the powered prosthesis. The associated time commitment was approximately two to four hours per week over a period of ten weeks. Note that the intent of such extensive practice was not to learn to ascend stairs with the prosthesis (which requires relatively little time), nor strictly to adjust the controller settings, but rather to enable each subject to achieve a level of proficiency with the device that approaches, to the extent possible, their proficiency with their respective passive prostheses. In particular, subjects were exposed to their daily-use prostheses nearly continuously, while they were exposed to the powered prosthesis two to four hours per week. The extensive amount of practice was intended to minimize the difference in proficiency resulting from the difference in exposure, and thus to result in a more meaningful comparative assessment. Subjects were not assumed to have achieved a sufficient level of proficiency until the prosthesis joint kinematics and kinetics reflected those exhibited during healthy gait to a suitable degree, as determined by the authors.
D. Metabolic Analysis
Following the training period, each subject completed 4 sessions entailing 8 stair trials (4 with each type of prosthesis). For each trial, oxygen and carbon dioxide gaseous exchange rates were collected during the aforementioned testing sessions, although only the oxygen data is presented. All data were exported from the COSMED K4b 2 software and post-processed in MATLAB as follows. First, a 5-point median filter was applied in order to mitigate the effect of outlying data points. Since the COSMED system samples at slow and varying sample rates, the data were resampled at 100 Hz using linear interpolation. After resampling, data were zero phase low-pass filtered with a 0.01 Hz cutoff. This filter was implemented by applying a discrete Fourier transform, removing frequency content above 0.01 Hz in the frequency domain, and then applying an inverse Fourier transform to return the data to the time domain. Finally, the data were downsampled at a rate of 0.5 Hz to eliminate unnecessary data samples. Figure 3 shows a plot of the raw and post-processed bodymass-normalized oxygen and carbon dioxide exchange rate data for a representative trial with the powered prosthesis. The highlighted period corresponds to stair ascent. The preceding period corresponds to the three minutes of rest, followed by a short walk to the stairwell, whereas the period subsequent to stair ascent corresponds to stair descent, followed by another three-minute rest.
The relative effort for each trial was assessed by computing the total volume of oxygen consumed during the stair ascent portion of the trial via numerically integrating the postprocessed instantaneous rate of oxygen consumption (i.e., the area under the rising portion of the metabolic rate curve, based on [48] ) over the activity period, after subtracting out the baseline rate corresponding to the initial rest period. Rather than integrate exclusively from the temporal start of stair ascent to the completion of it, the window of integration was extended to the peak of the metabolic curve, since doing so presumably captures effects of potential oxygen debt. The authors note that, since the passive prostheses on average resulted in lower rates of oxygen consumption relative to the powered prosthesis, using the peak of the metabolic rate favors the passive prostheses, since at a lower rate, the subjects were less likely to incur oxygen debt. Fig. 4 . Knee joint angle, torque and power. The green, red, and blue curves represent subjects 1, 2, and 3, respectively. The black dashes are the healthy average from [36] , and the gray smear shows ± 1 st. dev. The dotted vertical line indicates 100% normalized stride time for healthy.
IV. RESULTS
A. Joint Angle, Torque, and Power
The prosthesis data were measured and logged on the prosthesis as described in [35] . Specifically, joint angles and angular velocities were calculated via encoders, whereas joint torques were estimated using motor currents in combination with known and/or estimated passive characteristics of the prosthesis (motor parameters, transmission friction, and foot spring stiffness). Joint power was calculated as the product of the joint velocity and estimated torque. Figures 4 and 5 show the data corresponding to knee and ankle joint angles, torques and powers (body mass normalized), over a 10-stride average of step-over stair ascent for each subject, along with healthy norms (shown by the dashed line) as reported by [36] . As seen in the figures, the powered prosthesis data exhibit a slight pause immediately following foot strike and immediately preceding the active knee extension portion of stance (i.e., between 100% and the subsequent 0% of the healthy stride). This pause enabled subjects to tentatively weight the prosthesis as they entered stance phase, which enabled them to kinesthetically verify that the knee had assumed a highimpedance stance-phase behavior, prior to fully weighting it. Recall that the prosthesis must be sufficiently weighted in order to initiate stance knee extension (i.e., active stance), which starts the stride sequence in the prosthesis (i.e., corresponds to 0% stride). Since this pause is a quasistatic event, the authors have displayed it as an extension of the healthy stride, in order to better reflect the temporal correlation between stride Fig. 5 . Ankle joint angle, torque and power. The green, red, and blue curves represent subjects 1, 2, and 3, respectively. The black dashes are the healthy average from [36] , and the gray smear shows ± 1 st. dev. The dotted vertical line indicates 100% normalized stride time for healthy. events in the powered prosthesis and in corresponding healthy data.
As seen in Figs. 4 and 5, the average peak power achieved by the knee joint is 1.4-2.0 W/kg, approximately 62-90% of healthy, and that of the ankle joint is 1.9-2.3 W/kg, approximately 75-92% of healthy. The difference in power delivery results primarily from the torque and power limitations of the prosthesis motors. Note that the user can compensate for prosthesis joint torque and power limitations by a combination of various methods, the most prominent of which are employing more handrail assistance, using additional ipsilateral hip torque, or ascending at a slower rate. In the extreme case of utilizing a fully passive prosthesis, for example, some users can still employ a step-over stair ascent gait, typically with a combination of substantial additional ipsilateral hip torque and handrail assistance. In the case of the powered prosthesis, these compensatory actions are relatively small, but not wholly absent. With regard to metabolic energy expenditure, one would expect increased expenditure in relation to the extent of compensatory effort exerted (i.e., the greater the torque and power limitations, the greater degree of compensatory torque and power required, and thus the lower the metabolic benefit). Figure 6 shows the stair ascent time for each subject for each prosthesis, averaged across the four trials, as well as the average across all subjects, along with plus and minus one standard deviation. As is evident, subjects 1, 2, and 3 ascended the stairs on average 17%, 34%, and 37% faster with the powered prosthesis than with their respective daily-use passive prostheses. Averaged across all trials and all subjects, stair ascent was 30% faster with the powered prosthesis. A paired t-test indicates that all differences in means are statistically significant, with p-values for each subject given in the figure caption. Figure 7 shows the body-mass-normalized average oxygen consumption for each subject for each prosthesis across the four trials, as well as the average across all subjects, along with plus and minus one standard deviation. As shown, the powered prosthesis required 27%, 25%, and 21% less oxygen consumption, respectively, for subjects 1, 2, and 3, relative to each one's daily-use passive prosthesis. On average, ascending stairs with the powered prosthesis required 24% less oxygen than did the same activity with the passive prostheses. A paired t-test indicates that all differences in means are statistically significant, with p-values for each subject given in the figure caption. On average, the rates of oxygen consumption were higher when climbing with the powered prosthesis, probably due to the quicker cadence. Because the climb was significantly faster, however, the total oxygen consumption with the powered prosthesis was lower.
B. Ascent Time
C. Oxygen Consumption
D. Anaerobic Contributions to Metabolic Energy
As previously discussed, the authors measured the aerobic contribution to metabolic energy expenditure in the stair ascent trials. In the transition from rest to activity, as was the case in these trials, the physiological expectation is a combination of aerobic and anaerobic processes. The relative contributions of aerobic and anaerobic processes is indicated by the exchange ratio R, which is the ratio of carbon dioxide rate to oxygen rate. As described in [49] , exchange ratios below 0.85 indicate aerobic activity, exchange ratios above 1.0 indicate anaerobic activity, and ratios between 0.85 and 1.0 indicate presence of both. The average exchange ratios for each subject and each prosthesis averaged across all trials, along with the average across all subjects, are given in Table III . As seen in the table, the trials of subjects 1, 2, and 3 were characterized by exchange ratios of 1.11, 0.84, and 0.89, respectively, and the average exchange ratio across all subjects was 0.94, indicating a likely contribution from both aerobic and anaerobic processes (as expected). Given that, in all cases, the powered and passive prostheses have nearly identical exchange ratios, it is reasonable to assume the unmeasured contribution of the anaerobic portion of metabolic activity will remain similarly proportional for both the powered and passive cases. Thus, although only the aerobic contributions are captured here, the fact that the exchange ratios are nearly equal indicates that overall metabolic efforts may scale (and compare) similarly.
V. DISCUSSION A. Summary of Results
The assessment results indicate that ascending stairs with the powered prosthesis was on average 30% faster relative to daily-use passive prostheses, and required 24% less oxygen. The energy per unit body mass per stride delivered by the powered prosthesis can be calculated based on the data shown in Figs. 4 and 5, which yield on average a net energy delivery of 0.64 J of mechanical energy per kg body mass per stride at the knee, and 0.29 J/kg at the ankle. The stairs employed in the assessment described here were 18 cm in height, and therefore the potential energy investment required to ascend each stair was approximately 1.8 J per kg body mass. Based on the measured energy delivery, the powered prosthesis appears to have provided on average 52% of this energy, which one assumes would result in the reduction of metabolic effort observed here.
B. Assessment Limitations
There are several limitations associated with this assessment. Perhaps most significantly, several methods exist for stair ascent with a passive transfemoral prosthesis, including single-stair step-to, double-stair step-to, and although much less common, a step-over gait. Since one of the three subjects enrolled here was not capable of or comfortable with a double-stair step-to gait, for purposes of assessment uniformity (i.e., to avoid confounding the results with multiple stair ascent methods), all subjects were instructed in this assessment to ascend with a single-stair step-to gait. Ascending stairs with a double-stair step-to gait, or with a passive step-over gait, would both have almost certainly been a faster method of ascent than the single-stair step-to approach employed here. One can reasonably assert that the increased speed of ascent observed here would have been lessened if compared to other methods of passive prosthesis stair ascent. The authors are not aware of a study that compares the relative metabolic demands of these various methods of passive prosthesis stair ascent. As such, the results of this assessment cannot be easily extrapolated to these other methods of ascent. Although beyond the scope of this paper, a study comparing the metabolic cost of various methods of passive prosthesis stair ascent would be a valuable contribution to the literature, and would provide a useful reference that might enable a reader to further extrapolate the assessment results presented here.
The assessment described here did not provide specific instructions regarding handrail use, and forces related to handrail use were not measured. Nonetheless, one would expect substantial handrail use to result in increased metabolic load, which would presumably show up in the total oxygen consumption. Further, the absence of instruction in this regard encouraged subjects to ascend stairs as they would outside of an assessment, which fosters a degree of realism in the assessment, and should better capture the "real-world" practices of each subject.
C. Subjective Feedback
Although subjective feedback has clear limitations, it offers an important perspective on the assessment. All subjects stated an emphatic preference for climbing stairs with the powered prostheses versus their daily use passive ones, citing reduced exertion and a step-over gait as the primary reasons. Representative comments from each subject follow. Subject 1 claimed that using his daily-use prosthesis required much more exertion, while climbing with the powered prosthesis was much less tiring, professing, "It's like a covered wagon versus a Cadillac." Representative comments from Subject 2 included:
• "The bottom line is, the robot leg is easier to climb with than a passive leg." • "I know scientifically, it doesn't mean [anything], but being able to climb up and down stairs like a normal person is night and day difference." • "Let me tell you, another thing that robot leg is good for, over the years, is saving your good leg. The fatigue is night and day difference." Finally, Subject 3 commented, "The robot leg, once I learned to let it work for me, simplified ascending stairs very similarly to pre-amputation ease."
VI. CONCLUSION
This paper assessed the relative effort of stair ascent of three unilateral transfemoral amputee subjects when using a powered knee and ankle prosthesis, relative to daily-use energetically passive ones. Subjects used a step-over gait with the powered prosthesis, and (as per assessment protocol) employed a single-stair step-to gait using their respective daily-use passive prostheses. Results indicate on average a 24% reduction in oxygen consumption and a 30% reduction in stair ascent time when using the powered prosthesis, relative to the passive one. The three subjects involved in this assessment all expressed a strong preference for stair ascent with the powered prosthesis, relative to their daily-use passive devices.
